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This model is satisfactory for the relations between kinetics and pathogenesis, but it does not address gel structure. The recent use ofdifferential interference contrast (DIC) microscopyg to reveal individual fibers and other structures in hemoglobin S gels in real time and without invasive preparatory methods offers the possibility of relating kinetics, rigidification, and pathogenesis to underlying gel structure.
In the present report, we use DIC microscopy to show that gel fragility and fiber breakage due to mechanical perturbation is an additional factor that contributes greatly to kinetics and gel structure, and we demonstrate fiber interactions and many cross-linking structures that contribute to the formation of a fiber network and to gel rheology and rigidity. Thus, the model encompassing kinetics and pathogenesis is extended to include some of its structural bases. We also estimate the "on" rate constant for fiber growth based on observed elongation rates, and calculate an approximate value for the heterogeneous nucleation rate under the conditions used.
P

MATERIALS AND METHODS
Hemoglobin S was obtained from therapeutic exchange transfusions and purified on DE-52 ion-exchange resin as previously described?"' Experimental samples were dialyzed into 0. l mol/L potassium phosphate, pH 7.2, adjusted to the desired concentration in the range 12.2 to 13.8 mmol/L (heme), and deoxygenated with sodium dithionite (final concentration, 50 mmol/L) in an oxygenfree atmosphere. For microscopy, cover slips were sealed on slides containing 4 pL of solution (producing samples about 10 pm thick) and kept on ice until used the same day. (Seals were made with Mount-Quick (Daido Sangyo CO, Ltd, Tokyo, Japan]; Glyptal paint [Cenco, Franklin Park, IL], often used to seal slides anaerobically, was not used because, as ascertained with pH indicators, it alters the sample pH markedly.) Absorption spectra confirmed completeness of deoxygenation. Polymerization was commenced by warming the slide rapidly on the microscope stage, usually to 25°C. Temperature was measured with a thermistor on the slide. Slides were scanned continuously from the time of the temperature increase. The first fibers were seen within 15 minutes at the highest concentrations and at times up to 75 minutes at the lowest. Fracture of fibers and gels was achieved by a light tap on the slide (not on the cover slip) about 2 to 3 cm from the edge of the cover slip with a 75-g metal bar while the field was under continuous observation. This procedure usually created little or no flow as judged by the absent to minimal movement of the fibers observed. DIC microscopy was performed with a Zeiss Axioplan microscope with Zeiss DIC optics, a 1.4-NA condenser, a 100 X 1.3-NA Plan-Neofluar objective, and a 100-W mercury source with a Gordon Ellis fiber optic scrambler and a 546-nm interference filter. A Hamamatsu C2400 Newvicon camera was used with an Argus-IO system for video enhancement.
Observations were recorded on a Panasonic AG-1960 Super VHS videocassette recorder, and prints were made with a Mitsubishi P75U video processor. Times on the plates show minutes and seconds (also hours if > l hour) from the time of the temperature increase. Figure 1 shows typical fields in a gel and illustrates the marked lack of spatial uniformity at a resolution that shows individual fibers. The nonuniformity is predicted by the nucleation-controlled nature of kinetics, leading to domain formation," and has previously been observed by microspectrophotometric methods at lesser re~olution,'~~'~ in which individual fibers were not visible. In this and all plates taken from the video records, fibers were not attached to the slide or cover slip surfaces and moved freely in solution, constrained only by their own mechanical properties and by cross-linking. Figure 2 shows a break in a fiber occurring as a result of a mechanical perturbation due to a tap on the slide ("fiber" is 574 BRIEHL AND GUZMAN used to refer to either a single fiber or a bundle of single fibers; "single fiber," ie, the basic 14-strand and "bundle" imply only those specific structures). Since there is little fiber movement and flow (see the Methods), breakage is due to the sudden pressure disturbance rather than to large flow-dependent displacement.
RESULTS
Breaks, as shown in Fig 3, produce two new fiber-ends, both of which grow. Since breakage creates new growing ends, it increases the overall rate of polymer formation in the gel. The plate also shows a Y-shaped junction with a fiber running through the fork. This may have prevented further coalescence (see below) of the two branches into a bundle.
Figures 4 and 5 demonstrate acceleration of polymer formation due to breakage. In Fig 4, a field contained only a single fiber 56 minutes after the temperature increase. After fracture, a number of fibers appeared within a few minutes. In Fig 5, initially there are more fibers than in the previous figure; after fracture, there are numerous fragments. Polymerization is then rapid, and the field fills in quickly with fibers to produce a large mass of polymer. The field, having developed only a limited number of polymers in the 67 minutes from the temperature increase until the fracture, produces the much more extensive polymerization within minutes after fracture.
To determine whether gels with short segments (a segment is the section between cross-links; segment length varies inversely with cross-linking) are resistant or sensitive to fracture, a gel was fractured and allowed to polymerize and cross-link further a number of times. Figure 6 shows that gelation is greatly accelerated upon each refracture. After the first fracture, the field fills in with polymers and also becomes cross-linked, so that average segment length is short. A second tap induces an even more marked acceleration of polymerization. After a brief period, a third fracturing event produces a practically instantaneous change in the gel. Individual fibers are now no longer distinguishable, and the gel appears as a matted mass. Thus, even gels that have short segments as a result of recent breakage are susceptible to breakage if the gel has been allowed to ripen briefly and presumably cross-link. Furthermore, the effectiveness of trauma in inducing fracture and acceleration of gelation increases when the gel is dense and probably highly crosslinked, as seen in Fig 6 after prior fractures. To determine whether mechanical shock produces new fibers by initiating nucleation (either homogeneous or heterogeneous on slide surfaces or solution motes) where no fibers previously existed, regions devoid of fibers were observed before and after tapping on the slide. In no case did this produce fibers. Thus, pressure disturbances do not initiate homogeneous nucleation, "radial centers," or nucleation that is "homogeneous-like'' (this term is used to designate nucleation that is assumed to be homogeneous in the double-nucleation model, but has not been proven structurally to be truly homogeneous and might in fact arise from surfaces).' In contrast, when pressure sufficient to bend the For personal use only. on October 23, 2017. by guest www.bloodjournal.org From cover slip was placed directly on the cover slip and then released, preparations that previously contained no fibers showed immediate production of large numbers of fibers arranged in radial fashion around nucleating centers. Initia- We have previously demonstrated three kinds of crosslinks in gels, X-shaped junctions, Y-shaped branches, and side-to-side coalescence ("zippering"). ' We now show different means of formation of these cross-links and identify other structures formed through fiber interactions. Figure 7 shows a fiber growing, abutting a second fiber to which it becomes fixed, and then continuing to grow beyond the second fiber. This is a second way of forming X-shaped cross-links, supplementing formation by two existing fibers when they touch and adhere to each other. (That a crosslink has been formed is known because, as previously shown: both fibers move with the crossover rather than independently: also, the optical contrast density becomes greater.)
Zippering of fibers to form thicker fibers or bundles can also occur in different ways. Figure 8 shows a Y-shaped junction in which the two branches adhere and quickly z i p per together. The increased optical contrast of the merged region further establishes that it has greater thickness (linear density) than the branches that comprise it. Figure 9 shows a fiber growing next to and then into another. After contact, the two fibers adhere and grow together as a bundle. Here also the merged region has higher contrast. Finally, Fig 10 shows two independent fibers that touch and then stick together.
The existence of fiber bundles can also be deduced from static branching patterns. Figure  I1A shows a junction made by two fibers on one side and three on the other, suggesting that at least one fiber is composed of more than a single fiber and therefore that bundles exist, a conclusion that is supported by the differences in image contrast among the fibers. Figure I IB shows another pattern that demonstrates the existence of bundles. A section of fiber divides into three branches at one end and two at the other. The greater thickness of the main fiber is confirmed by its greater contrast density. In addition, the existence of three branches at the top and only two at the bottom indicates that one at the bottom is probably a bundle. This is supported by the difference in contrast density between the two bottom branches. Figure 12 shows zippering that is terminated before the two interacting fibers are fully merged. The limit to full z i p pering appears to arise from mechanical factors associated with the bending of one branch that would be needed to extend the zippered region further. Figure 13 shows another bundle in which two fibers fail to zipper fully, leaving a short region in which they apparently cannot make contact. Thus, unzippered segments reflect factors, probably mechanical in this case, that oppose attractions and hence can act to repel fibers.
Fiber growth rates were between 0.1 and 2 pmls, depending on initial hemoglobin concentration, on depletion of monomers in solution as the polymerization progressed, and on temperature and possibly other factors. twice in about 40 hours of observation in our examination of unperturbed gels9 and not at all in the present study. On the other hand, mechanical perturbations regularly produce fiber breakage. Broken fibers grow at both ends, and the growth is indistinguishable from that at the ends of unbroken fibers that were generated by heterogeneous nucleation or that arose from radial centers.' The increase in the number of fiber ends due to breaks and even more so to the creation of many small broken fragments (such as occur in highly cross-linked gels with short segments) vastly accelerates gelation.
DISCUSSION
Fiber and gel breakage. Spontaneous fracture of undisturbed hemoglobin S fibers is a very rare event, seen only
In contrast to the minimal displacement of fibers occurring here, steady-state shear disrupts gel structure by inducing large displacements. Thus, the present observation that fiber breakage due to a pressure perturbation accelerates gelation is not directly applicable to studies under shear."." Nevertheless, the fragility of fibers observed here argues that breakage is easily achieved, and the present results show that gelation, once achieved, is accelerated due to growth at the new fiber-ends. Hence, under shear fibers should break readily, producing new fibers and sites of polymerization at fiber-ends and therefore accelerated gelation. This supports the conclusion derived from macroscopic rheologic data that shear accelerates gelation by breaking fibers."." Fiber breakage is therefore a mechanism of fiber-end production that supplements the heterogeneous and homogeneous nucleations of the double-nucleation m~d e l .~.~'
The ease with which dense and highly cross-linked gels fracture suggests that the added strength of such gels does not provide protection against mechanically induced fiber breakage due to a pressure disturbance. To the contrary, although quantitative data are not available, single fibers a p pear to resist fracture more easily. This suggests that the freedom to bend and move can absorb energy that would break fibers rigidly fixed by cross-linking in a solid-like As a consequence, mechanical disturbances accelerate kinetics most markedly for gels that are already dense, as shown in Figs 4 through 6 .
Cross-linking, zippering, and jiber interactions. Xshaped cross-links, zippering into bundles, and the existence of thick fibers all provide evidence that there are attractive interactions between fibers.
The molecular bases of the interactions that produce Xand Y-shaped cross-links and fiber coalescence cannot be ascertained from the present results. However, the mechanism ofalignment by zippering is'not that of nematic liquid crystal formation2' due to the excluded volume-dependent alignment of long, rod-like fibers.2'.22 Under this mechanism, also potentially applicable to reversibly polymerizing system^,^^-^^ alignment is only partial and is+ highly dependent on polymer concentration. In the present results, z i p pered fibers are fully aligned and adhere tightly, and the alignment occurs in regions with few as well as regions with many fibers. Thus, the coalescence we observe depends on specific weak interactions rather than on excluded volumedependent entropy. Zippering may also represent a first step on the path to formation of ma~rofibers.~"~~ There are also forces that cause repulsion between fibers. In the present study, the failure of complete zippering ( Figs  12 and 13) is evidence of repulsive factors. In those figures, one branch in the "island" region is straight, and the other, with a longer arc length, is curved. The likely cause of the For personal use only. on October 23, 2017. by guest www.bloodjournal.org From failure to coalesce further is an inability of the two branches to make contact due to the limited flexibility of the longer, curved branch. Analyzed quantitatively, such structures might make possible calculation of relations between bending moduli of fibers and the strength ofthe interfiber interactions that force curvature on the fibers.
The Y-shaped branching of thick fibers into two independently growing fibers previously observed' is further evidence that there are repulsive factors.
Fiber growth rate and heterogeneotrs ntrcleation rate.
Based on the observed range of fiber growth rates, 0.1 to 2 pm/s over the concentration range 12.2 to 13.8 mmol/L (heme), we may estimate to better than I order of magnitude that the rate at 13.5 mmol/L is about 1 pm/% Based on the 14-strand structure of fibersI5.l6 and the 63 A molecular spacing, this is a net ("on" minus "off') growth rate, a, of about 2,200 molecules/(polymer. S). The "on" rate constant, k+, can be obtained from aI7, ie, a = k+(yC -Y~C.~), where y and C are activity coefficient and monomer concentration, respectively, and the subscript s indicates the equilibrium condition (concentration CS,). At pH 7.2 and 25T, C, , is about 1 I .S mm~l/L.~*~'*" Based on the observed a = 2,000 and the virial coefficients pro- Zippering has occurred between the separated branches, but failed to progress all the way to the bifurcation, leaving an "island" between the unmerged branches, probablyas a result of inability of the two fibers to make contact. The lefthand branch is almost straight, whereas the right-hand branch is curved. 13.0 mmol/L at 24.5.C.
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